Abstract-This paper presents the assembly and characterization of an integrated all silicon-carbide (SiC) 3-to-1 phases matrix converter, intended for harsh environment withstand capability and highly reliable operation (e.g., renewable energies, solid-state transformation, smart grids, electric transport). Commercial SiC MOSFETs in bare-die form are used to develop custom-packaged bi-directional switches, with an advanced approach aiming at the optimization of their electro-magnetic, electro-thermal and thermos-mechanical performance. Advanced cooling and packaging solutions at system level enable modularity with reduced impact of single component failure on the overall system, contributing to significantly reduced maintenance and repair costs.
INTRODUCTION
Efficiency, power density and, more and more, reliability are key figures-of-merit for power electronics technology breakthrough and establishment. Traditionally, it is those solutions which have yielded a conjunct optimisation of those three parameters which have been retained as successful. Their joint improvement is nevertheless a challenging undertaking, due to conflicting requirements underlying their individual improvement (e.g., increasing power density typically results in higher heat-generation rates and temperatures, undermining the efficiency and reliability). The development of wide-band-gap (WBG) semiconductor technology and devices (e.g., SiC MOSFETs and diodes; gallium nitride, GaN, HEMTs) is presently enabling major steps forward. The use of SiC enables operation at higher frequencies and increased efficiencies. Hence, for a given power rating, the use of SiC devices can result in a reduction of the filter elements volume and weight. Higher efficiency also allows reduced heat sink size and typically weight. The use of SiC transistors in the matrix converter has been already addressed in recent studies, including a focus on the achievement of higher power densities and operation at higher temperatures [1] - [6] . Those investigations centerd mainly around the use of discretely packaged SiC transistors in a direct matrix converter. Novel dedicated packaging is paramount to maximize the exploitation of the superior characteristics of WBG device technology. Expanding on past work on Si IGBTs and diodes [7] , this paper proposes an innovative assembly approach bespoke for the features of SiC MOSFETs: in consideration of quite different operational and constructional characteristics between the two device types, an original design is formulated, optimized and validated in terms of constitutive materials, geometry, dimensions and thermal-management by employing a balanced mixture of computer aided and experimental analysis. A hardware prototype is built and characterized, including the experimental evaluation of parasitic inductance values within the switch structure.
II. INTEGRATED BI-DIRECTIONAL SIC MOSFET SWITCHES
AC-AC conversion is based on bi-directional (BD) type switches, which enable Àow of current between the source and the load and block voltage in either direction. Using MOSFETs for implementing the BD switch (BDS) results in an arrangement as shown in Fig. 1 : the drain of each transistor (D1 and D2) is the only system-level power terminal, with current flowing in and/or out of it during operation; the gates (G1 and G2) and common source (S) terminals are used for interconnection to the gate-driver. Common source connection, as opposed to common drain, makes the gate-driver design and operation simpler; current conduction in the switch can also take advantage of the MOSFET body-diode. Fig. 2 shows an integration approach for this switch architecture, which is optimized keeping its operation in mind: the SiC MOSFET dies are soldered backside-down (drain) onto two different, but identical direct bonded copper (DBC) ceramic substrates ( Fig. 2 a) ); one of the two substrates is flipped and mounted on top of the other one using soldered copper (Cu) bumps (Fig. 2 b) ); similar bumps are also used on the dies top-side to create the interconnection between the source terminals of the transistors (Fig. 2 b ) and c)); an additional ceramic substrate is partly sandwiched between the other two to implement the power terminals D1 and D2; here, wire-bonds and flat pins are used for the gate-drive terminals (Fig. 2 c) and d ). Fig. 3 shows a cross-section of the assembled BDS: the transistors in this study are 1200 V -80 mȍ MOSFETs, with lateral dimensions 3.1 x 3.6 mm 2 and thickness 200 ȝm [8] .
The proposed assembly approach is compatible with an automated manufacturing, for example, according to the following steps:
• chips mounted on substrates;
• wirebonds;
• bumps and flat-pins soldered on one substrate;
• substrates with chips and centre power terminals sandwiched;
• insulation.
The middle power terminal carrier does not strictly have to be a ceramic substrate: instead, cheaper printed circuit board (PCB) technology could be used, of suitable material and thickness to withstand the temperatures involved in the assembly process and in the operation. The switch and cooler design were finalized with the support of advanced electrothermal analysis [9] .
The structural framework is realized by the liquid cooler, built using a polymer so as to allow for easy interconnection of a number of switches. The concept is exemplified in Fig. 4 for a single switch: interconnection of multiple switches is straightforward and relies on two additional plastic pieces, joined by gaskets and screws to integrate a liquid cooled 3-to-1 phase matrix converter module. III. HARDWARE PROTOTYPE Fig. 5 illustrates two steps in the assembly process of the hardware prototype. The switches are filled with insulating gel. A gasket and additional joining elements enable modular non-hermetic sealing.
The thermal management unit is also modular, and so, a full matrix converter can be assembled by combining a number of elementary bricks. All structural parts are shown in Fig. 6 : one joining element caters for interconnection of two basic bricks (see Fig. 5 ); a second joining element with threaded cavity implements the mounting of the cooling liquid pipes and temperature regulating unit. The overall system construction is illustrated in Fig. 7 : the phases can be equipped with pins and connected by a bus-bar type structure (e.g., a PCB) which also allocates passive components and auxiliary circuitry. The structure allows for the replacement of a single failed component.
IV. PARASITIC INDUCTANCE EXTRACTION
The final fully assembled bi-directional switch was characterized in terms of their parasitic inductance in the commutation loop identified by terminals D1 and D2 (see Fig.  2 a) ). The characterization was done using a Keysight E4990A meter with the 16047E fixture to carry on measurements at higher frequencies. The procedure is illustrated in Fig. 8 a) and corresponds to the methodology put forward in [10, 11] : in black the parts of the impedance analyzer, in blue the test fixture and in red the device under test. The LCR meters used here are not traditional Maxwell-Wien or Kelvin/Thomson measurement bridges. Rather, when connecting a test object, the impedance |Z| and the corresponding phase angle Ĭ (phase between current and voltage) are determined due to the Auto Balance Bridge. These measurement values are frequency dependent and are determined by means of a variable AC test signal (Oscillator). In this work the DUTs can be represented by series R-L components. The extracted values of equivalent parasitic inductance are shown in Fig. 8 b) and indicate values fall within the range of a few nH. The parasitic inductances in the commutation loop of the bi-directional switch can be measured connecting the terminals D1 and D2 to an LCR meter as shown in Fig. 9 . Both MOSFETs are turned on with the same VGS (17 V in this case). Fig. 10 shows the small-signal equivalent circuit of the device under test.
The test fixture can be compensated directly by the LCR meter. The thus extracted values of equivalent parasitic inductance are shown in Fig. 8 b) and indicate values fall within the range of less than 15 nH. These values include the terminals used to connect the test device to the test fixture. Hence, there is a need to de-embed the inductance of the terminals used to connect the switch to the test fixture, because their minimum length which allows for connection is 2.5 mm (the inductance of the terminals is of the order of few nH as will be shown). The de-embedding technique applied here, was inspired by the TLM (Transmission Line Method) used for the measurement of the contact resistance across a metal-semiconductor interface [12] . Considering that the inductance of the wires results in series with the stray inductance of the bi-directional switch, some measurements were carried out by varying the length of the terminals of the test device from the test fixture and recording the inductance. This gives the relationship of the inductance of the terminal with length.
Due to the fact that certain parts of the terminals are soldered to the test device and their respective lengths can't be altered at those points, a graph is derived that relates the inductance to the length of the terminals from the previous measurements. The inductance of the terminals is then extrapolated to a zero length, and deducted from the overall parasitic inductance. The resulting stay inductance Ls is shown in Fig. 11 at each frequency of the considered span (10 kHz -100 MHz).The inductance of the shortest connecting wires is around 1. Rs (Fig. 12) , confirms that the Ron of the MOSFET is around 80 mΩ..
V. CONCLUSIONS
This paper proposed the modular integrated design and construction of a fully SiC power MOSFETs based 3-to-1 phase matrix converter cell, based on electro-magnetic and electro-thermal design optimization of compact bidirectional power switches. The methodology presented aims at progressing beyond the state-of-the-art by improving efficiency, power density (including volume and weight) and reliability. At the same time, system modular construction is introduced for higher levels of availability, with reduced single component failure impact on maintenance and repairing costs. The proposed assembly process is suitable for automation. 
